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EXECUTIVE SUMMARY

Rear-end crashes are the most frequently occurring type of crash, making up approximately 29%
of all crashes. There were an estimated 1,848,407 rear-end crashes in 1999, out of a total of
6,271,524 crashes (29.5%; General Estimate System, GES, database), resulting in 951,822
injuries (GES database) and 2,195 fatalities (Fatality Analysis Reporting System, FARS,
database). Rear-end crashes in which the lead vehicle is stopped or moving very slowly prior to
the collision are an especially serious problem, accounting for about two-thirds of all rear-end
crashes. The magnitude of the rear-end crash problem has been a source of concern for a number
of years, and much effort has been put forth to reduce this type of crash.

In the mid to late 1960s, the U.S. government funded five parallel efforts on alleviating the
problem, primarily through enhancements to the rear-lighting systems of automobiles. These
efforts did not result in any immediate changes to the rear-lighting system. However, they led to
research in the mid 1970s through early 1980s, which was focused on the center high-mounted
stop lamp, or CHMSL. By the mid 1980s all automobiles were required to be outfitted with
CHMSLs, with vans, sport utility vehicles, and pick-up trucks following in 1993. Recent
estimates of CHMSL effectiveness show that they reduce rear impact crashes by about 4%
(Kahane and Hertz, 1998).

There have also been many smaller-scale efforts to address the problem of rear-end crashes over
the years. Numerous papers have been written in research journals, numerous patents have been
filed with the U.S. Patent and Trademark Office (USPTO), and numerous letters have been
written to the National Highway Traffic Safety Administration (NHTSA). All of these inventors,
researchers, and innovators have proposed concepts that they claim will reduce the number
and/or severity of rear-end crashes, usually by means of enhanced rear lighting. The NHTSA
policy for handling unsolicited ideas for rear-lighting systems has been published in the Federal
Register, and is detailed within this report.

To help identify and evaluate rear-signaling concepts, NHTSA contracted with the Virginia Tech
Transportation Institute (VTTI) to conduct a literature review, identify candidate signal system
enhancements, and refine signal system performance requirements. The overall project
objectives are as follows:

To perform comparative evaluations of alternative rear signal systems that
might help drivers better detect and respond to stopped vehicles ahead. For the
top two recommended signal systems, determine the signal characteristics most
desirable from a human factors and practical perspective and develop
prototypes. To evaluate the performance of drivers in response to the two
signal system prototypes.

This report summarizes the Task 1 efforts in which an extensive literature review, law
enforcement focus groups, and a trade-study were conducted. Each of these subtasks built on the
previous subtasks in attempting to filter through the numerous ideas for enhanced rear-lighting
systems to develop a small subset of ideas for optimization in Task 2. Optimization is expected
to involve identification of a system or systems that maximizes attention-getting properties and
minimizes negative effects such as glare and annoyance.
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The literature review focused on reviews of several key areas: 1) previously conducted crash data
analyses; 2) historical information on attempts to solve the problem; 3) published scholarly
research; 4) patents and unpublished research. A final section of the literature review involved
guidelines for warning signal design taken from the human factors literature. These are some of
the conclusions reached from the literature review:

e Rear-end crashes are the most frequently occurring type of crash.
e Lead vehicle stopped crashes are the most common type of rear-end crashes.
e The majority of rear-end crashes occur in daylight under good weather conditions.

¢ Inattention, distraction, and following too closely are the most commonly cited causes of
rear-end crashes.

e There are a multitude of ideas for enhanced rear-lighting systems.

e Many of these ideas are similar, contain overlapping features, and do not address what is
known about rear-end crashes.

e Human factors methods for capturing attention in a visual warning signal include the use
of flashing, apparent motion, size, color contrast, and luminance contrast.

The next subtask was to conduct two focus groups with law enforcement personnel to gain their
perspective on the contributing factors for and prevention of rear-end crashes. One group was
conducted with officers from an urban environment and the other employed officers from small
town/suburban environments. The focus groups provided insights into the causes and prevention
of rear-end crashes, as well as the law enforcement procedures for dealing with these crashes.
The most significant finding from the focus groups was that law enforcement officers perceive
driver inattention and distraction to be the most frequent behavioral causes for rear-end crashes.
This is consistent with findings from the crash database studies, as would be expected given that
police crash reports form the basis of crash databases.

The final subtask was to conduct a trade study using an expert group to help identify which rear-
lighting concepts have the greatest potential for being practical and effective crash
countermeasures. The Kepner-Tregoe trade study technique was used. As implemented for the
purposes of this project, the technique had three main steps. First, the criteria against which each
alternative would be judged were developed with the help of the expert panel. Second, these
criteria were divided into MUSTs and WANTSs, with MUSTSs being those criteria that each
alternative must have in order to qualify for further consideration, and WANTSs being those
attributes that are desirable for the alternatives under consideration but which are not absolutely
necessary. The only MUST criterion identified by the expert panel was that the concept
“Addresses at least one causal factor associated with rear-end collisions.” Several WANTSs were
identified, such as that the concept “Improves driver perception of impending rear-end crashes
by providing information to the following driver that a lead vehicle is stopped or moving
slowly.” During the second step, the WANTSs were also weighted according to their overall
importance, again by the expert panel. In the third step, the concepts were presented to the
experts, who rated them according to how well they met the MUSTs and WANTS criteria. Ina
final, in-house step, the weightings developed in step 2 were multiplied by the ratings provided
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by the experts in step 3 to determine which alternatives had the highest overall score (and thus
best met the criteria developed in step 1).

Between the second and third steps, VT TI researchers and expert panel members developed eight
candidate rear-lighting concepts. The concepts incorporated features to enhance signal detection
and to attract attention.

In the process of developing the concepts, an important distinction was drawn between open-
loop and closed-loop systems, and also between rear signal countermeasures and forward
collision warnings. In a closed-loop system, a detector (most likely radar based) is placed on
either the rear bumper of the lead vehicle or the front bumper of the following vehicle. By
measuring headway, closing rate, and possibly angle, a signal can be presented either on the rear
of the lead vehicle or in the following vehicle (or both) whenever the headway is too short or the
closing rate is too high. One advantage of a closed-loop system is that when the criteria for an
impending collision no longer exist, the system can be deactivated (e.g., both vehicles have
stopped, so the closing rate drops to zero for some predetermined amount of time and the signal
turns off). This has the advantage of reducing annoyance in heavy traffic situations. Most
importantly, closed-loop systems appear capable of precise determination of impending rear-end
collisions.

In open-loop systems, the lead vehicle displays a signal based on predetermined parameters (e.g.,
degree of deceleration, brake activation, or vehicle stopped) and the driver of the following
vehicle must perceive the signal and respond appropriately. There is no feedback loop between
the vehicles (thus open-loop). In many cases the signal would remain activated as long as the
parameter or parameters of interest are in the predetermined mode. For example, if the signal
was a stopped vehicle signal, it would remain activated until the vehicle is moving again
(although there is the possibility of timing out the open-loop activation.) If the signaling system
is not timed out, a lower intensity signal might be required to diminish glare, annoyance, and
light adaptation problems. Thus, the open loop systems is a challenge to design so that it helps
prevent crashes yet does not cause any adverse effects due to glare and annoyance.

Three configurations were chosen as candidates for optimization (from the eight presented),
based on the results of the expert panel trade study: Closed-loop, Radar Activated Horizontal
Array of Lights; Open-loop, Horizontal Array of Lights Activated by Two Levels of Braking;
and Closed-loop, Radar Activated High-Intensity Strobe Lights. From these three systems there
are three eligible modes for testing: a sequential activation mode (lights activate from inside to
outside in a horizontal array of lights), a continuous mode (a horizontal array of lights which
remain continuously illuminated), and a flash mode (using strobes). In addition, it has been
suggested that simpler rear-lighting enhancements, such as dual intensity signals, should be
considered for evaluation.

One important subtask, carried out in parallel with the trade study analysis, was the development
of algorithms for activation and deactivation of both open-loop and closed-loop systems. For
closed-loop systems, a minimum range criterion was derived, and a logic flow diagram was
developed for activation/deactivation of the system whenever this criterion is met. For open-
loop systems, a logic flow diagram was developed that could be used in designing the system
and testing it.
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INTRODUCTION

Rear-end crashes are the most frequently occurring type of crash, making up approximately 28%
of all crashes. There were an estimated 1,848,407 rear-end crashes in 1999, out of a total of
6,271,524 crashes (29.5%; GES database), resulting in 951,822 injuries (GES database) and
2,195 fatalities (FARS database). Rear-end crashes in which the lead vehicle is stopped or
moving very slowly prior to the collision are an especially serious problem, accounting for about
two-thirds of all rear-end crashes. The magnitude of the rear-end crash problem has been a
source of concern for a number of years, and much effort has been put forth to reduce this type of
crash.

In the mid to late 1960s, the U.S. government funded five parallel efforts on alleviating the
problem, primarily through enhancements to the rear-lighting systems of automobiles. These
efforts did not result in any direct changes to the rear-signaling system. However, they appear to
have led to the next effort in the mid-1970s through early 1980s, which was focused on the
center high-mounted stop lamp, or CHMSL. By the mid-1980s all automobiles were required to
be outfitted with CHMSLs, with vans, sport utility vehicles, and pick-up trucks following in
1993. Early estimates of effectiveness predicted that the CHMSL would reduce rear-end crashes
by as much as 35% (Digges, Nicholson, and Rouse, 1985), but recent analysis of crash data
indicate that the current effectiveness is closer to 4%. While this still represents obvious savings
of life, injuries, and property, it means that there may be further opportunities to reduce the
occurrence of rear-end crashes.

There have also been many smaller-scale efforts to address the problem of rear-end crashes over
the years. Researchers, analysts, and inventors both in the United States and elsewhere have
invested much time and effort in this problem. Often these individuals had hopes of financial
gain if their idea was found to be effective in preventing rear-end collisions. Numerous papers
have been written in research journals, numerous patents have been filed with the U.S. Patent
and Trademark Office (USPTO), and numerous letters have been written to the National
Highway Traffic Safety Administration (NHTSA), all purporting to have the solution, usually by
means of enhanced rear lighting. There is an official NHTSA policy for handling unsolicited
ideas for rear-signaling systems; this policy has been published in the Federal Register, and is
detailed in a later section of this report. Given this policy, NHTSA has taken the path of
focusing on the most prevalent, significant problem areas where rear-signaling might help. The
current effort is the first step down this path.

There is a substantial problem with rear-end collisions, and there are numerous ideas for systems
that might help prevent these collisions, but there are limited resources for testing these ideas. In
particular, there is a problem with rear-end collisions into a stopped lead vehicle. Therefore,
NHTSA contracted with the Virginia Tech Transportation Institute (VTTI) to conduct a study of
the problem, suggest solutions, and conduct optimization and preliminary on-road tests of these
solutions. This report summarizes the Task 1 efforts, in which an extensive literature review,
law enforcement focus group meetings, and a trade-study were conducted. Each of these
subtasks built on the previous subtasks in attempting to filter through the numerous ideas for
enhanced rear-lighting systems to develop a small subset of ideas for optimization in Task 2.



All of the subtasks accomplished in Task 1 were in support of the primary objectives of Task 1,
which were to:

e Generate an encompassing list of rear-signaling alternatives,
e Develop objective criteria for evaluating the alternatives, and

e Use a working group of experts to score the alternatives against the criteria to determine
the two best alternatives for further study in Tasks 2 and 3.

The first subtask performed in support of these objectives was to conduct an extensive literature
review focused on several key areas. Relevant literature was gathered from NHTSA, the
Virginia Tech library and interlibrary loan systems, patent searches, and internet searches. The
first question explored for the literature review was the size and scope of the rear-end crash
problem. An in-house database analysis helped determine the prevalence of stopped lead vehicle
rear-end crashes. Existing crash database analyses were reviewed to answer this question, and
the database review also answered important questions about the contributing factors for rear-end
crashes. Another important area of inquiry for the literature review was the historical record, in
which previous attempts to solve the problem of rear-end crashes were examined. Especially
relevant for the current study were the descriptions of the processes involved in introducing and
assessing the effectiveness of the CHMSL.

Published scholarly research on the topic of rear-end crash prevention was then reviewed. There
were relatively few papers of this type as compared to some of the other types of literature
reviewed during this subtask. The next section of the literature review covered the patents and
unpublished research. A large number of unsolicited letters and reports have been submitted to
NHTSA over the years, each containing one or more ideas for reducing the frequency of rear-end
crashes. An even greater number of rear-end crash prevention ideas was obtained during a series
of patent searches. All of these ideas, published and unpublished, were reviewed to see if any
concepts might have features which could help prevent rear-end crashes. A final section of the
literature review involved guidelines for warning signal design taken from the human factors
literature on this subject.

The key points derived from the literature review were:

e Rear-end crashes are a significant problem in terms of percentage of overall crashes,
injuries and fatalities, and costs.

e Rear-end crashes in which the lead vehicle was stopped prior to the crash make up the
majority of these crashes.

e The most common contributing factors cited by police for rear-end crashes are inattention
(mental preoccupation), distraction (visual preoccupation), and following too closely.



e There is some historical precedent on methods for designing, evaluating, and introducing
new rear-signaling systems.

e There are numerous ideas for systems intended to prevent rear-end crashes, both patented
and unpatented.

e Very few of these ideas have undergone experimental evaluation.

e Many of the relevant scientific studies on this topic have been focused on database
analysis, laboratory testing, and simulator testing, with very few on-road experiments.

e There are a number of human factors guidelines for the design of warning signals.

e These guidelines have not been used in a systematic fashion to synthesize rear-lighting
designs which make effective use of known human perception and detection processes.

One of the more interesting findings from the literature review was the idea of primary
contributing factors for rear-end crashes. Driver inattention, driver distraction, and following too
closely have consistently been found by police reports to be the primary contributing factors.
Some researchers, however, have speculated that human misperception of closing rate is a major
factor for rear-end crashes, given the high proportion of such crashes that occur when the lead
vehicle is stopped prior to the crash. A secondary data source was needed to resolve this
contradiction, leading to the second subtask, law enforcement focus groups. These were
conducted to gain a law enforcement perspective on the contributing factors for and prevention
of rear-end crashes. The results reinforced the database analysis (perhaps not a surprising
finding, given that databases are constructed from police crash reports). Officers first on the
scene after a crash reported that inattention/distraction and following too closely were the
primary contributing factors for rear-end crashes, with inattention/distraction being the most
common factor. This was important information, not only because it supported the findings of
the database review, but because the design of a rear-lighting system to prevent rear-end crashes
depends on which driver behavior you are attempting to modify. A design intended to improve
the detection of closing rate (which may bear some relationship to following too closely) could
be quite different than a design intended to attract the following driver’s attention.

The focus groups thus provided confirmation that an effective rear-signaling system needs to
attract the following driver’s attention, whether the driver is in a distracted state or is simply
being inattentive. The literature review provided a wealth of rear-signaling concepts and human
factors guidelines for how to attract attention, but left an important question unanswered: What
are the best systems for further testing? A trade study was conducted to accomplish this goal.
The specific technique used was the Kepner-Tregoe Analysis (KTA), a variant of the trade study
technique. With the KTA technique, alternatives are evaluated against a list of NEEDs
(mandatory) criteria. Those that meet the NEEDs criteria are then judged against a set of
WANTs (desirable) criteria that have been assigned numerical ratings according to their
importance in meeting the objectives of the analysis. Expert raters score the different
alternatives on how well they meet the WANTS criteria (on a scale of 1-10). The numerical
ratings are multiplied by the scores to get a weighted score for each criterion. The weighted



scores for each alternative are then summed to provide a numerical ranking of alternatives,
which identifies one to three clearly preferred alternatives.

An important aspect of the trade study analysis is the use of experts to help develop the criteria
and to score the alternatives against the criteria. An outstanding panel of rear-lighting experts
was assembled, and they participated electronically (via email questionnaires). Three
questionnaires were used. The first questionnaire resulted in a set of criteria against which the
candidate rear-signaling concepts would be judged. The second questionnaire had the experts
rate the criteria according to importance to the overall goal of reducing rear-end crashes.

At this point an important juncture was reached. The experts were assembled and the criteria
were ready, but there was no clear list of candidate concepts. The experts had been given the
opportunity to suggest concepts during each of the first two questionnaires, but provided no ideas
that were new to the researchers (after having performed the literature review). Thus the VTTI
researchers were forced to devise candidate concepts, using what was known and had been
learned about human perception. Given that the following driver’s attention needs to be
captured, there are specific methods for accomplishing this using color coding, shape coding,
flash coding, size coding, and apparent motion. The use of redundant coding is also important
for any warning system. The researchers used these guidelines to create a set of eight unique,
redundantly coded rear-lighting concepts designed to capture the following driver’s attention.

Once the concepts had been developed, the expert panel was presented with the third
questionnaire in which they were asked to rate each concept according to the previously
developed criteria. The ratings were then multiplied and summed according to the KTA
procedure.

It is believed that the combination of a good analytical technique (KTA trade study analysis) and
a strong working group of experts resulted in the identification of the best rear-lighting
alternatives for further study in Tasks 2 and 3. The expert panel selected the following three
concepts as the best enhanced rear-lighting configurations (from the eight presented): Closed-
loop, Radar Activated Horizontal Array of Lights; Open-loop, Horizontal Array of Lights
Activated by Two Levels of Braking; and Closed-loop, Radar Activated High-Intensity Strobe
Lights. Therefore, the lighting optimization process to be carried out in Task 2 should include at
least these three configurations. From these three systems there are three eligible modes for
testing: a sequential activation mode (lights are activated from inside to outside in a horizontal
array of lights), a continuous mode (a horizontal array of lights which remain continuously
illuminated), and a flash mode (using strobes). These are the modes likely to be recommended
for optimization in the test plan for Task 2, perhaps with the addition of a simpler signal now
under development.



LITERATURE REVIEW

Goals of the Literature Review

As discussed during the introduction, the literature review is but one piece of the framework for
selecting rear-lighting concepts for further evaluation (the primary goal of Task 1). Together
with the law enforcement focus groups and the expert panel trade study, the literature review
provides important input for the design and selection process.

In attempting to address a problem of the size and scope of rear-end crash prevention and rear-
lighting enhancements, there are many issues to be explored and questions to be answered.
Fortunately, a large body of literature has been developed over the past 35 years that addresses
these issues and attempts to answer these questions.

e Size and shape of the problem: Crash database analyses
e What percent of crashes are rear-end crashes?
e What percent of fatal crashes are rear-end crashes?
e What are the characteristics of rear-end crashes?
e What percentage of rear-end crashes occur when the lead vehicle is stopped prior to
the crash?
e Under what scenarios do rear-end crashes occur?
e What are the documented contributing factors for rear-end crashes?

e Historical perspective
e What previous initiatives have been conducted on the problem of rear-end crashes?
e What were the results of these initiatives?
e What are the lessons from the CHMSL experience?
e What is the current NHTSA policy for unsolicited rear-signaling ideas?

e Previous academic research results
e What types of research have been conducted on rear-lighting enhancements?
e What were the results of this research?
e Has there been research on other rear-end crash countermeasures?

e Patents
e What patents have been issued for rear-signaling enhancements?
e What areas do these patents cover?

e Human factors considerations
e What guidelines are there for the development of enhanced rear-signaling systems?

The first sections of the literature review cover work published in the open literature. The next
sections encompass patents and unpublished materials. The final section contains a review of
human factors guidelines applicable to the design of rear-lighting systems.



Database and Statistical Assessment

According to numerous crash database analyses, 25-30% of all collisions on U.S. highways are
rear-end collisions (e.g., General Motors, 1997). Rear-end collisions are commonly separated
into two groups: rear-end collisions where the lead vehicle is moving (LVM) and rear-end
collisions where the lead vehicle is stopped (LVS). Statistics concerning the problem size,
demographic information, common collision scenarios, leading causes, and limited data on
avoidance maneuvers in rear-end collisions will be discussed in this section.

There are several different databases that compile information about automobile crashes in the
United States. The primary statistical sources that most of the following analyses are based upon
are:

e National Automotive Sampling System: General Estimates System (GES)

e Fatality Analysis Reporting System (FARS)

¢ National Automotive Sampling System: Crashworthiness Data System (NASS CDS)
e National Center for Statistics and Analysis (NCSA) Accident Facts

The NASS GES is a database compiled by NHTSA. Police reported crashes occurring in the
United States that result in property damage, injury, or death are sampled according to a
statistical sampling plan. The crashes entered into the database are each assigned a weight so
that national estimates can then be developed for each type of crash. The FARS databases are
also compiled by NHTSA. The FARS databases contain statistics on police-reported crashes in
the U.S. that result in at least one fatality to a motorist or non-motorist (which occurred within 30
days of the crash). The NASS CDS has detailed data on a sample of thousands passenger vehicle
tow-away crashes. Field research teams study about 5,000 crashes a year using intensive field
investigation with follow-up interviews of crash victims and reviews of medical records to
determine the nature and severity of injuries. The GES database was initiated in 1988, while
FARS was started in 1975 and NASS CDS began in 1979. The NSCA’s Accident Facts is
compiled using information from both the GES and FARS databases. These databases have been
used by transportation researchers to determine the problem size of and contributing factors for
motor vehicle crashes on the nation’s highway and interstate system.

Problem Size of Rear-End Collisions

Wiacek and Najm (1999) conducted a database study using the General Estimates System (GES)
crash database for the years of 1992 through 1996. Among other findings, they reported that
rear-end collisions were the most frequent type of crash for this time period, accounting for
nearly 25% of all crashes in the U.S.

Knipling, Hendricks, Koziol, Allen, Tijerina, and Wilson (1992) reported that there were 1.5
million police reported rear-end crashes in 1990. This constituted 23% of all crashes and 5% of
all fatalities on U.S. highways (GES and FARS databases). There were 800,000 injuries
associated with these rear-end collisions, most of which were of mild severity. Rear-end crashes
were separated into LVS and LVM statistics as shown in Table 1. It is important to note that



there are significantly more LVS crashes than there are LVM crashes, and LVS crashes led to
300 more fatalities in 1990 than did LVM crashes.

Table 1. Rear-end collision statistics from the 1990 GES database.

Rear-End Lead Rear-End, Lead
Crash Subtype: Vehicle Stationary Vehicle Moving
Statistic and Source (LVYS) (LVM)
Annual Police-Reported 1.05 million 0.46 million
(PR) Crashes
Annual Non-Fatal Injuries 570,000 240,000
in PR Crashes
Percent of All PR Crashes 16.2% 7.1%
Annual Fatalities* 1,600 1,300
Fatalities Per PR Crash** 0.0016 0.0030

Adapted from Knipling, Hendricks, Koziol, Allen, Tijerina, & Wilson (1992).

* Rear-end crash LVS vs. LVM unknowns (about 11% of the total) have been distributed proportionately
across subtypes so that the LVS + LVM total equals all rear-end crashes.

** GES fatality statistics are used in this table because FARS does not differentiate LVS from LVM
crashes. The FARS count for all rear-end crash fatalities in 1990 was 2,078. Imputing the GES LVS
vs. LVM proportion to the FARS total rear-end crash fatality count yields estimates of 1,146 LVS
fatalities and 932 LVM fatalities for 1990. The associated fatalities/PR crash proportions for LVS and
LVM crashes are 0.0011 and 0.0020, respectively.

McGehee, Dingus, and Mollenhauer (1994) reported that 23.8% of all crashes were rear-end
collisions based on a review of the NASS CDS and the NSCA’s Accident Facts for 1991. When
the rear-end collisions were separated into LVM and LVS, the LVS crashes accounted for 69.7%
of all rear-end collisions.

Yet another study found that rear-end crashes were the most frequently occurring crash type in
the U.S. (1,454,000 or 23.2%) based on the GES databases for 1989-1993. Rear-end crashes
were also found to be the second most costly type of crash, costing U.S. citizens $35.2 billion per
year (Wang, Knipling, & Blincoe, 1996). Table 2 lists the number of crashes and cost of LVS
and LVM collisions for a number of different statistical categories.

These four database analyses of crashes from 1990 through 1996 all demonstrated that rear-end
collisions are the most frequent type of crash, that they constitute approximately one-fourth of all
collisions, and that they are the second most costly crash type for U.S. citizens. Recent
indications are that the percentage of rear-end crashes is increasing, even as the overall numbers
remain fairly steady at about 1.85 million rear-end crashes per year (Table 3). Lead vehicle
stationary collisions occur more frequently and result in more fatalities than do lead vehicle
moving crashes. Understanding these crashes, including the primary contributing factors, could
perhaps result in countermeasures to reduce their incidence. This would result in savings of
human life and human suffering, as well as financial savings.



Table 2. Statistics on two types of rear-end collisions in the United States.

Statistics LVS LVM
Annual # of PR crashes 974,000 480,000
Annual # of persons involved in 3,107,000 1,522,000
PR crashes
Not injured 2,469,000 1,212,000
Minor to moderate injuries 618,000 299,000
Serious to fatal 20,000 11,000
Annual U.S. monetary cost ($) (E) 23.3 billion | (E)11.9 billion
(C) 346.1 billion | (C)24.7 billion
Average U.S. Monetary Cost
Per PR crash (§) (E) 14,127 (E) 14,962
(C) 32,721 (C) 36,200
Per 100 million VMT (§) (E) 1,062,422 (E) 544,789
(C) 2,102,510 (C) 1,127,003
Per registered vehicle (E) 126 (E) 65
annually ($) C 249 (C) 135
Expected monetary cost
Per vehicle over driving (E) 1,365 (E) 700
career ($) (C) 2,702 (C) 1,448
Per driver over driving (E) 9,681 (E) 4,964
career ($) (C) 19,159 (C) 10,270
Total annual national fatal 15,735 8,434
equivalents
Average fatal equivalents per 0.01118 0.01236
PR crash
Expected fatal equivalents over 0.00092 0.00049
vehicle life

E = Economic Cost; C = Comprehensive Cost; PR = Police-Reported; VMT = vehicle miles traveled

Table 3. Percent of rear-end crashes over the past six years from the GES database.

Crash data

1994

1995

1996

1997

1998

1999

GES, total all crashes

6,489,122

6,690,061

6,761,051

6,611,906

6,325,242

6,271,524

Rear-end crashes

1,753,996

1,845,379

1,904,709

1,871,564

1,871,271

1,848,407

Percent of crashes that

are rear-end crashes

27.0%

27.6%

28.2%

28.3%

29.6%

29.5%




Statistics Analyzed by Age and Gender

Wiacek and Najm (1999) analyzed the 1996 GES database for age and gender factors for rear-
end crashes. This study suggested that drivers less than 24 years old are overly involved in rear-
end collisions, in that they represent 21% of all drivers yet are involved in 30% of all rear-end
collisions. Drivers over age 64 are under-involved in rear-end collisions; this age group
represents 13% of all licensed drivers, yet is involved in only 6% of all rear-end collisions. This
finding may suggest that rear-end collisions are not the direct result of drivers’ reaction times or
overall driving abilities, because younger drivers generally have faster reaction times than do
older drivers. Wiacek and Najm also conducted an analysis of gender involvement in rear-end
crashes. Their results suggest that males are slightly over-represented in rear-end collisions.
Males constitute 53% of the driving population, yet are involved in 60% of all rear-end crashes.
Note that these studies do not account for exposure differences among age or gender groups, and
thus, for example, older drivers might be over-involved in other types of crashes on a miles
driven basis.

Another study by Knipling, Wang, and Yin (1993) used data from the 1990 GES and FARS
crash databases. The results on gender involvement were categorized by involvement as either
the striking vehicle or the struck vehicle in a rear-end collision. These results are shown in Table
4. While both males and female drivers are equally represented in the striking vehicle, female
drivers of struck vehicles are over-represented. This could be due to a lingering vestige of
demographic differences between males and females with respect to driving.

Table 4. Rear-end collision statistics on gender and role of vehicle.

Role of Vehicle Male Drivers Female Drivers
Striking Vehicle 61.4 per 100 million VMT 61.5 per 100 million VMT
Struck Vehicle 62.8 per 100 million VMT 86.9 per 100 million VMT

Adapted from Knipling, Wang, & Yin (1993).

These two research studies present somewhat conflicting results that suggest that gender may not
play an important role in rear-end collisions. Also, in most cases, the striking vehicle is charged
with a driving violation or is considered to be at fault, and this is perhaps more pertinent to the
present research focus; gender of the striking vehicle driver was approximately equal in the
Knipling et al. (1993) study.

Common Scenarios for Rear-End Collisions

Given that rear-end collisions are the most frequently occurring type of collision, a great deal of
research has been conducted to define the types of scenarios in which they occur. Misener, Tsao,
Song, and Steinfeld (2000) conducted a study of LVS crashes and isolated the four most
common roadway geometry scenarios:

e Near intersection; struck vehicle at or near an intersection; 43% of LVS crashes.

e Midblock; struck vehicle stopped due to traffic congestion or at the end of a long queue
waiting to pass through intersection; 31% of LVS crashes.



Freeway; struck vehicle stopped on freeway; 18% of LVS crashes.

Non-intersection junction; struck vehicle stopped at a non-intersection junction (i.e., a
junction between a regular roadway and a driveway, alleyway, or ramp); 8% of LVS

crashes.

Wiacek and Najm (1999) also isolated five of the most frequently occurring scenarios using the
1996 GES database for both LVS and LVM crashes. However, they looked at a combination of
lead vehicle behaviors and roadway geometries. The five most common combinations of
behaviors and geometries are listed in order of frequency:

1.

Lead vehicle decelerates, straight road. Both the following and lead vehicles are
traveling at a constant speed on a straight road and the lead vehicle then decelerates;
37.0%.

Lead vehicle stopped, straight road. The following vehicle is traveling at a constant
speed on a straight road and encounters a lead vehicle stopped in the traffic lane ahead;
30.2%.

Lead vehicle slower, straight road. The following vehicle is traveling at a constant speed
on a straight road and encounters a lead vehicle traveling at a constant, lower speed
ahead; 14.1%.

Lead vehicle decelerates more, straight road. Both the following and lead vehicles are
decelerating on a straight road and the lead vehicle then decelerates at a higher rate;
4.5%.

Lead vehicle stopped, curved road. The following vehicle is traveling at a constant speed
on a curved road and encounters a lead vehicle stopped in the traffic lane ahead; 3.0%.

McGehee, Dingus, and Mollenhauer (1994) used the 1992 NASS CDS database and isolated 15
dynamic situations involving five behaviors of the lead vehicle (stopped; constant velocity;
decelerating; accelerating; and decelerating and stopped) and three behaviors of the following
vehicle (accelerating, constant velocity, and decelerating). Of the resulting 15 dynamic
situations, the scenarios presented in Table 5 occurred most frequently.

Table 5. Dynamic situations in rear-end collisions as described by McGehee, Dingus, and

Mollenhauer (1994).

Percent
Rank | Lead Vehicle Following Vehicle Occurrence
1 Decelerating and stopped | Constant velocity 50.1%
2 Stopped Constant velocity 23.7%
3 Decelerating Constant velocity 14.7%
4 Decelerating and stopped | Decelerating 4.6%
5 Constant velocity Constant velocity 2.8%
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DaSilva and Najm (1999) conducted an analysis of precrash scenarios for rear-end collisions.
The precrash scenario was operationally defined as the behavior of the lead vehicle prior to the
crash. Their findings, based on the GES databases for 1992-1996, suggest that the three major
driving behaviors occurring prior to rear-end collisions were:

e Lead vehicle decelerating: 37.9%
e Lead vehicle stopped: 33.2%
e Lead vehicle slower: 15.0%

The analyses just described indicate that most rear-end collisions occur when the lead vehicle is
decelerating, decelerating to a stop, or is stopped. (Note that the GES coding manual specifies
that the “stopped in traffic lane” code be used “if the vehicle is not in motion on a roadway.” No
mention is made of the length of time that the vehicle in question was stopped.) These crashes
occur on straight roadways as well as at or near intersections. A smaller percentage of rear-end
collisions occur mid-block in residential areas, as well as on freeways. Solomon, Preusser, and
Leaf’s (1996) study of the Washington, DC beltway found that 36% of all collisions on the
beltway were rear-end collisions, and a high percentage of these collisions occurred on ramps.
More specifically, high percentages of rear-end collisions were found to occur on specific ramps.
These results may suggest that the geometric design of roadways can directly influence the
number of rear-end collisions occurring in specific areas.

One puzzling finding is that the problem size analysis (first section of this discussion) suggested
that most rear-end collisions occur when the lead vehicle is stopped, whereas the studies just
discussed suggest that most collisions occur when the lead vehicle is decelerating or
decelerating to a stop. This contradiction may be related to the imprecise nature of the
information found in the crash databases, or it may result from the analysis methodology. Most
of the studies which cite a greater percentage of lead vehicle decelerating rear-end crashes use
the methodology of Wiacek and Najm (1999). A careful review of this methodology reveals that
it is represents an attempt to discern the pre-crash scenarios of rear-end crashes. Wiacek and
Najm inferred the pre-crash state in the following manner:

Our analysis of rear-end crashes listed the lead vehicle as ‘decelerating’ to a stop
if its dynamic state was coded as Stopped in Traffic Lane on a straight road either
due to a traffic control device or in order make a turn. (Wiacek and Najm, 1999,

p-2)

This means that if a vehicle were stopped at a traffic light for one minute prior to being struck by
another vehicle from the rear, the pre-crash scenario would be listed as “decelerating to a stop.”
This method of inference seems rather imprecise. In an attempt to shed light on this matter, a
database analysis was conducted using the 1997-1999 GES vehicle data files. Of interest was the
action of a struck vehicle prior to the collision, when the initial impact was in the rear of the
vehicle (this implies the scenario of a lead vehicle struck in the rear). This analysis brings the
question to its simplest form: what was the lead vehicle doing just prior to being struck by a
following vehicle? Table 6 shows that approximately 59% of lead vehicles involved in rear-end
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crashes in this time period were stopped in the traffic lane prior to being struck. Again, the
database makes no distinction for the length of time that the lead vehicle was stopped prior to
being struck. This finding highlights the possible need for a stopped vehicle signal, albeit one

that is capable of attracting the attention of an inattentive or distracted following driver.

Table 6. Movement of struck vehicle prior to critical event, where initial impact was back
of vehicle (GES 1997-1999).

1997 1998 1999

Total | Percent Total | Percent Total | Percent
Going straight 236,909 12.6% 236,644 12.8% 154,720 8.6%
Decelerating in traffic 332,383 17.7% 305,633 16.5% 340,436 18.9%
lane
Starting in traffic lane 16,354 0.9% 17,866 1.0% 26,487 1.5%
Stopped in traffic lane | 1,083,851 57.9% | 1,078,822 58.4% | 1,120,010 | 62.3%
Passing or overtaking 1,026 0.1% 354 0.0% 1,177 0.1%
another vehicle
Disabled or parked in 6,759 0.4% 7,401 0.4% 5,463 0.3%
travel lane
Turning right 55,804 3.0% 60,150 3.3% 37,325 2.1%
Turning left 57,901 3.1% 64,480 3.5% 30,494 1.7%
Other and unknown 82,410 4.4% 76,930 4.2% 85,436 4.8%
Total 1,873,396 | 100.0% | 1,848,280 | 100.0% | 1,798,226 | 100.0%

Possible Contributing Factors for Rear-End Collisions

Using the GES databases from 1994 and 1997, Misener, Tsao, Song, and Steinfeld (1999) used
statistical methods and filtering techniques to narrow down a comprehensive list of possible
crash contributing factors. Their technique isolated the following important factors in rear-end

collisions:

e Driver impairment. Not in the traditional sense, as only 3-5% of LVS crashes involve a
driver impaired by alcohol. Rather, this variable allows a glance away from the road of

up to 1.5 seconds, for modeling purposes (based on unimpaired driver behavior).

e Driver age. Drivers age 15-19 have a slightly higher exposure risk for rear-end crashes
than all other age groups combined.

e Crash trajectory. In the majority of cases, the striking driver takes no corrective action
prior to striking a stopped vehicle (note that this finding implies that the problem is more
one of inattention and distraction, rather than failure to perceive the closing rate). When
corrective action is taken, it is always a braking action, occasionally accompanied by a

steering action.

o Speed of striking vehicle. The median speed in non-freeway scenarios is 22 mph.
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® Roadway surface. Most LVS crashes occur on dry roadway surfaces, so attention should
be directed towards this condition first.

o Visibility/lighting. Most LVS crashes occur during daylight hours, so attention should be
directed towards this condition first.

e Braking. The mean braking force for dry pavement for 1994-95 model passenger cars
was 0.867g.

Note that Misener et al. labeled glances away from the road as “driver impairment,” while most
other studies have labeled this behavior as “driver inattention or distraction.” These other studies
have also found driver inattention to be the most common cause of rear-end collisions.

Knipling, Hendricks, Koziol, Allen, Tijerina, and Wilson (1992) analyzed 74 rear-end collisions
found in the 1991 NASS CDS database. The researchers separated rear-end collisions into LVS
and LVM crashes and found that driver inattention was the number one cause of collisions for
both types. Table 7 presents the relevant factors from this analysis.

Table 7. Ranking of principle causal factors in two types of rear-end collisions.

Crash Subtype:
Principle causal factor

Lead vehicle stationary
number (percentage)

Lead vehicle moving
number (percentage)

Driver inattentive 39 (68.4%) 9 (52.9%)
Driver inattentive and 6 (10.5%) 2 (11.8%)
following too closely

Following too closely 5 (8.8%) 1 (5.9%)
Alcohol involvement 5 (8.8%) 1 (5.9%)
Miscellaneous other 2 (3.5%) 4 (23.5%)
Total cases 57 17

* Adapted from Knipling, Hendricks, Koziol, Allen, Tijerina, & Wilson (1992).

McGehee, Dingus, and Mollenhauer (1994) found similar results in an analysis of the 1991
NASS CDS database. Sixty-three percent of all rear-end collisions were caused by driver
inattention, 15% were alcohol related, 14% were a result of inattention and following too closely,
2% were due to poor judgment, and 3% were due to poor visibility. The authors separated these
factors into two behavioral factors for rear-end collisions and three perceptual factors. Driver
inattention and following too closely were cited as the two most frequent driver behaviors that
contributed to rear-end collisions. The perceptual factors included distance perception and rate
of closure.

Wang, Knipling, and Goodman (1996) analyzed the 1995 NASS CDS database and found that

the three most prevalent known causes of rear-end collisions were driver distraction, inattention
(looked-but-did-not-see), and fatigue (Table 8).
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Table 8. Causes of rear-end collisions from an analysis of the 1995 NASS CDS.

Crash type Sleepy | Distracted | LBDNS | Unknown | Attentive
Lead vehicle 12.7% 21.3% 3.4% 48.3% 14.3%
moving

Lead vehicle Too few 23.9% 11.4% 52.6% 11.8%
stopped cases

Najm, Koziol, Tijerina, Pierowics, and Hendricks (1994) conducted an analysis of five major
crash types. They analyzed the crash types by problem size and contributing circumstances,
among other items, and developed a model to determine the effectiveness of IVHS
countermeasures. In the analysis, the following were found to be contributing factors for rear-
end collisions (factors listed in order of importance):

1. Recognition errors (56.7%)
2. Decision errors (26.9%)

3. Drowsy and ill drivers (9.6%)
4. Roadway (2.3%)

5. Alcohol (2.1%)

6. Vehicle (1.2%)

7. Erratic actions (1.1%)

8. Atmospheric visibility (0.1%)

For the purposes of the Najm et al. (1994) study, recognition errors included driver inattention,
looked-but-did-not see, improper lookout, internal and external distraction, vision obstructed by
intervening vehicles, roadway geometry, and roadway appurtenances. Decision errors included
such behaviors as misjudged gap/velocity of approaching vehicles, tailgating, and driving at
excessive speeds.

One final study found the following breakdown causation for rear-end collisions: driver
inattention (56.7%), tailgating/unsafe passing (26.5%), illness (9.6%), bad roadway (2.3%), and
drunk driving (2.1%). This study by Najm, Mironer, Koziol, Wang, and Knipling (1995) used
data from the 1991-1993 GES databases. The authors stated that crashes in which both tailgating
and driver inattention played a role accounted for nearly 20% of all rear-end collisions. In their
subjective judgment, tailgating was the primary cause of rear-end crashes.

Note that the above studies all rely heavily on police reports since they are derived from crash
databases, which are constructed using police reports. Another approach for finding the causes
of rear-end crashes would be to question the drivers of the striking vehicles. This can be difficult
to do, as shown by Kostyniuk and Eby (1998), who conducted a pilot study that examined rear-
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end crashes from the drivers’ perspective to gain insight into the factors behind these crashes.
The goals of the pilot study were to:

e Identify self-reported reasons why rear-end crashes occur.

e Identify how these driver-reported reasons relate to certain situations and locations.
e Identify crash hazard cues drivers recognized or failed to recognize.

e Determine whether this approach has merit for developing countermeasure ideas.

The study was conducted using focus groups of three age categories of drivers. It proved
extremely difficult to recruit participants. Out of an initial subject pool of 660 drivers of the
striking vehicle in a rear-end crash, only 30 agreed to participate, and of these, only 16 actually
showed up for the focus group sessions. Of the 14 who failed to appear, 10 later agreed to be
interviewed by telephone, for a total of 26 participants. Because the focus groups had small
numbers of subjects, they were also conducted in a manner similar to interviews.

Drivers’ responses to the causal factors leading to the crash varied according to how the question
was asked. Drivers often gave one response when asked the cause (question based factors), and
another when asked to describe the sequence of events leading up to the crash (explanation-based
factors). The most common question-based factor described by the drivers was the action of the
other driver (49%; examples include: stopped unexpectedly, did not move when it should have,
did “strange things”). The next most common question-based factor was personal error (31%),
which included personal inattention and distraction. The other question-based factors were road
design (7%), environment (9%), and vehicle problems (4%). Explanation-based factors differed
from the question-based factors, both in nomenclature and distribution, with divided attention
accounting for 32%, incorrect assumptions about the lead vehicle accounting for 40%, and
“unavoidable” accounting for 28%.

Of the suggested countermeasures provided by drivers, two are of interest to this report. One
suggestion was for “a device to let you know if the car ahead is slowing down or not moving,”
and the other suggestion was for “a device that would not let you move if the car immediately
ahead was not moving.” Note that the latter suggestion would require between-vehicle
telemetry. One of the authors’ conclusions was that “An unambiguous indication of the stopped
status of the vehicle was clearly needed” (Kostyniuk and Eby, 1998, p. 20).

Based on these studies, driver inattention (called driver impairment in one study) and following
too closely were cited repeatedly as the most common contributing factors for rear-end
collisions. These studies examined a variety of databases from 1990 through 1997, as well as
driver reported causes (albeit from a sample of 26 participants). These findings will play a
crucial role in the development of new rear-signaling systems for this project. To put these
findings in the form of research questions: how can we get the following driver’s attention, and
how can we get the following driver to follow at a safe distance?
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Avoidance Maneuvers

Wiacek and Najm (1999) performed a study that analyzed avoidance maneuvers found in the
crash reports from the 1996 GES database. These findings suggested that in over 78% of rear-
end crashes, no action was taken. The only exception was when both the following and lead
vehicles were decelerating on a straight roadway, in which case 68% of the following drivers
took no action. If action was taken, the most common action was braking, but this occurred only
14.5% of the time. This finding appears to be directly related to the previous finding that most
rear-end collisions are caused by driver inattention and following too closely. It may be that
drivers never even realize that a collision is imminent and thus do not act to prevent the collision.
If the following driver’s attention can be gained and he or she can be prevented from following
too closely, the driver would gain time to react to the impending collision. If a failure to detect
closing rate was the primary contributing factor for rear-end crashes, then one might expect that
the closing rate would be detected at some point before the collision, and thus some form of
corrective action taken before the collision.

Vehicle Types
Most vehicles involved in rear-end crashes are passenger vehicles (e.g., in 1998, approximately

3,500,000 light vehicles were involved in rear end crashes, as compared to 78,000 commercial
vehicles; Barr, 2001). In most respects, the rear-end crash parameters are nearly identical in their
statistical distributions between commercial vehicles and light vehicles. For example,
approximately 67% of rear-end crashes involving light vehicles occur in daylight and clear
weather, while approximately 69% of rear-end crashes involving commercial vehicles occur in
these conditions (Barr, 2001). The main difference is in the “struck vehicle” versus “striking
vehicle” categories. As might be expected, light vehicles are represented in the struck and
striking categories about equally. When a commercial vehicle is involved in a rear-end crash,
however, it is the striking vehicle approximately 61% of the time (based on 1998 and 1999 data
compiled by Barr, 2001). The fact that more commercial vehicles are the striking rather than the
struck vehicle in rear-end crashes is probably related to the physics of heavier vehicles and their
longer stopping distances. Given these longer required stopping distances, a rear-signaling
concept applied to light vehicles that is more noticeable from a greater distance has the potential
to reduce the incidence of commercial vehicles striking light vehicles. These rear-end crashes
have the greatest injury and fatality potential due to the heavier mass of most commercial
vehicles, and thus the positive effect of increased stopping time or stopping distance could be
highly beneficial.

Development and Evaluation of Rear-Signaling Systems

A significant body of research on rear-signaling systems was conducted in the 1960s, and this led
to the current standards and regulations governing rear-signaling systems. The only major
development in rear-signaling systems since then has been the addition of the center high-
mounted stop lamp (CHMSL) in the 1980s; the effectiveness of CHMSLs will be reviewed in
this section. Other topics covered in this section include: the standardization and current
regulations for rear-signaling systems, design and evaluation methodologies used in creating new
rear-signaling systems, and design guidelines that have been proposed for rear-signaling systems.
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Standardization/Regulations of Rear-Signaling Systems

Various organizations in the United States and elsewhere are involved in developing standards
for rear-signaling systems. Europe and the United States have played leading roles in this
standardization. However, the relevant regulatory agencies differ in sponsorship and scope of
authority.

The Society of Automotive Engineers (SAE) has maintained a committee on vehicle lighting
standards since the early twentieth century and has taken a leadership role in the United States.
The Illuminating Engineering Society (IES) was founded one year after the SAE Lighting
Committee, and the two organizations jointly published the first automobile lighting standard in
1918 (Moore & Rumar, 1999). In the 1960s, the United States government established the
predecessor of the National Highway Traffic Safety Administration (NHTSA). By 1970,
NHTSA had published the Federal Motor Vehicle Safety Standard (FMVSS 108), which
incorporated many SAE standards including several for rear-lighting (Table 9). In Europe, the
United Nations Economic Commission for Europe (ECE) establishes the lighting regulations.

Table 9. SAE rear-lighting standards incorporated in 1970 FMVSS 108.

SAE Standard Number & Date Subject

J585¢, June 1966 Tail lamps

J586b, June 1966 Brake lamps
J588d, June 1966 Turn signal lamps
J593c, February 1968 Back up lamps
J587d, March 1969 License plate lamps

Development and Evaluation of Rear-Signaling Systems

The U.S. government sponsored several studies of rear-lighting systems in the mid to late 1960s.
Some of these studies were focused both on developing new systems and on evaluating driving
performance using the new rear-lighting systems, while other studies concentrated on either the
development or evaluation of rear-lighting systems. Several of the current rear-lighting
standards were based on this body of research.

Case, Hulbert, Lyman, O’Brian, and Patterson (1968) conducted a study for the U.S. Department
of Transportation in which a new vehicle rear-lighting system was developed and evaluated.

This research effort was the first to consider rear-signaling as a system, including brakes, turn
signals, running lights, etc., rather than investigating each component separately. One important
aspect of this report is that it outlined a methodology similar to the one being used for the current
study, including determining the drivers’ needs, developing rear-lighting concepts to meet those
needs, performing a trade-off analysis using lighting experts, developing two systems for mock-
up and further evaluation, and testing these systems in an experimental setting. The Case et al.
report also contained a set of design guidelines that will be discussed in the design guideline
section of this report.

Nickerson, Baron, Collins, and Crothers (1968) also performed a review of the rear-lighting
problems for the U.S. Department of Transportation. Their report discussed two types of
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approaches to investigating the problems of rear-lighting in U.S. automobiles: either make
incremental improvements to current standards, or perform a full systems evaluation and develop
alternative lighting systems. The first approach is practical and feasible, but is shortsighted in
the long-term. The second approach is somewhat impractical, but a systems understanding of the
problem is essential to solving the current problems.

The authors further developed the rear-lighting system as an information-transmitting system,
capable of delivering the following information: presence of a vehicle, application of a brake
pedal, impending turn, vehicle in reverse gear, and a cautionary (hazard) signal. The authors
suggest that the information-transmitting system also needs to transmit the following
information: advance warning of brake application, an indication of the vehicle’s velocity, and
an indication of the rate of deceleration.

Projector, Cook, and Peterson (1969) evaluated several other FHWA contractor’s reports on rear-
lighting systems, and then developed a unique rear-lighting system to be used in U.S.
automobiles. The authors proposed a rear-lighting system based on the research,
recommendations, and guidelines from four independent contractors: Bolt, Beranek, & Newman,
Inc., Ohio State University, University of California at Berkeley, and University of California at
Los Angeles.

Their unique design consisted of a sideways T design of lights on each side of the vehicle (Figure
1). Within this ‘T’ shape, three red running lights would be horizontally arranged with a red stop
lamp above the running lights. The stop lamp would have a black matte surface surrounding it.
The running light directly under the stop lamp would also contain a yellow turn signal. The
other turn signal would be located directly below the first turn signal lamp. All lights, except the
top stop lamp, would be surrounded by a Class A retroreflector. The stack of three vertical
lamps would wrap around the rear corner of the vehicle so that drivers in the adjacent lanes and
intersections would also be able to detect the turn signals and stop lamps.

Figure 1. The proposed rear-signaling system of Projector, Cook, & Peterson (1969). In
the diagram, S = Stop Lamp, R = Running Light, T = Turn signal, BU = Back-up Lights.

These authors argued that no additional colors (beyond those used on current systems) were
necessary for this design and that no new colors should be considered for future designs. The
report also generated several useful design guidelines for rear-signaling systems; these are listed
in the design guideline table in a separate section of this report.
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Coleman (1967) conducted a study that evaluated the costs and benefits of changing over from
one rear-lighting system to another. His conclusions were that used cars were the biggest
hindrance to a complete vehicle population changeover. The largest costs and schedule impacts
would be felt in the design of retrofit systems rather than in new car systems. Retrofit systems
should take advantage of the existing harnesses which would need to work around power
constraints. For new cars, the decision and standards formulation would not be a trivial matter,
and conflicts would occur more often with vehicle styling rather than with lighting system
effectiveness.

Coleman estimated that a complete changeover would take a total of seven years maximum (3-5
minimum). Note that the changeover period would likely be longer today, because vehicles tend
to remain in use for more years than was true in the past. Designers must consider the trade-offs
between a simple, inexpensive, nominally effective system versus a complex, expensive, very
effective system.

Although a direct cost to the owner would be likely with the redesign of rear-lighting systems,
the overall cost would be negative (Coleman, 1967). The monetary benefits include reduced
insurance losses, reduced insurance premiums due to fewer crashes, reduced government cost for
crash clean-up, reduced injury and fatality losses, and increased vehicle value. The negative
financial aspects of a new lighting system would include increased initial vehicle cost, increased
maintenance costs, increased insurance cost due to cost of repair, increased government cost due
to changeover implementation, and loss due to vehicle repair downtime.

Mortimer and various colleagues conducted a large body of research into vehicle signaling in the
late 1960s and through the 1970s. Mortimer (1969) found that the then-current rear-lighting
system performed more poorly that did each of seven experimental systems. The arousal
property of signals was found to be directly proportional to the number of lamps used.
Separation of lamps by function and color coding of signals were also found to significantly
improve performance. The most effective systems were those in which taillights, turn signals,
and stop signals were represented by separate lamps, and Mortimer predicted significant gains in
driver performance with use of these experimental light coding techniques. In a later
comprehensive report on rear-signaling research, Mortimer (1970) reached the following
conclusions:

e Separation of lamps by color and function is effective. Presence lamps should be green-
blue, turn lamps amber, and stop lamps red. The stop lamps should definitely be
functionally separated from other vehicle signals, and it would also be desirable to
separate presence and turn signals (note that even today, stop signals are not required to
be separated from turn or presence signals in either location or color).

e Improvement in driver sensitivity to closing rate was found with four presence lamps,
two high mounted and two conventionally mounted.

e Signals should not be given on each release of the accelerator, and such releases are not

reliable predictors of subsequent brake use. In only 34% of cases were accelerator
releases followed by brake application. This means that there will be a large number of
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false alarms for any signal which indicates accelerator release as an early warning signal
for possible brake application. In only 14% of these cases was the brake applied within
0.5 seconds of the accelerator release (overall, in only 4.8% of cases was an accelerator
release followed by a brake application within 0.5 seconds). A coasting signal would be
undesirable, for the above reasons, and because such signals would typically be presented
for short periods of time (1 to 2 seconds). Overall, not more than 7% of times would a
coasting signal be considered as an early warning of impending braking. There are rare
occasions when a long coasting period will be detected late by following drivers. A
signal might be warranted for the case in which the driver is coasting for an extended
period of time (e.g., five seconds or more). The stop signal could be activated whenever
this situation occurs.

Signals need to be perceived by following drivers. Signals with a high arousal capability
would have low driver detection times and would be detected on most occasions on
which they are shown. There is a benefit to be gained from high absolute intensities and
from high signal/presence light intensity ratios.

Coding of signals by lamp shape or lamp size/area will not provide powerful cues, since
these types of coding will be difficult to perceive at the distances involved in driving
(whereas color coding, intensity coding, and flash coding have been shown to be
detectable at these distances).

Night intensity should be lower than day intensity.

An intensity override switch should be provided to allow daytime signal intensities to be
used in poor atmospheric conditions (such as fog).

Final recommendations for rear stop signals:

Should be red in color.

Not combined with any other signal.

Separated a minimum edge-to-edge distance of 5.0 inches from presence lamps.
From 15-30 inches in vertical position from the ground.

Inboard of the turn signals.

As far outboard as possible.

One lamp on each side.

Dual intensity for day and night, with an override switch for poor atmospheric
conditions.

e Activated when the accelerator is fully released for five seconds or longer.

Mortimer, Domas, and Moore (1974) performed simulator studies to assess the effects of rear-
lighting system malfunctions. They found that the use of multiple lamp, redundant rear-lighting
systems resulted in fewer errors of identification when one or more bulbs were not lit than the
then-current single bulb/side system, although the differences were generally small.

In a later report, Mortimer (1979) described the first phase of a study meant to determine
whether deceleration signals provide any benefit over the then current brake light systems, and if
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so, to determine which aspects of the signal are responsible for the benefit. This report described
seven tasks which were completed in pursuit of this goal. The first task was a review of prior
research on deceleration signals, culminating with a thorough description of the Voevodsky
(1974) experiment using a fleet of taxi-cabs in San Francisco. Voevodsky showed an ~60%
reduction in rear-end crashes as a results of the “Cyberlite” system, which consisted of a yellow
light located in the rear center of the vehicle, just above the rear bumper. The light flashed at
various rates according to the deceleration rate, ranging from 1Hz at 0.0g to 7.5Hz at 0.5g.
Mortimer points out that the greatest reduction in crash rates was for a very high intensity
version of the Cyberlite (three intensities were used, 600, 1,200, and 1,800 cd). Mortimer then
pointed out that the results of the Voevodsky experiment did not make clear the possible reasons
for the reduction in crash rates (the color, position, flash rate, or intensity of the light, or perhaps
even the mere presence of a third light). Thus the purpose of the Mortimer investigation was to
tease out the relevant factors, and then produce and field test a set of optimized deceleration
signals.

The second task involved selection of deceleration displays for preliminary evaluation. By
varying flash rate, intensity, number of lights, and combinations of these, a list of 41 displays
was generated. The third task was the scaling of the flash rate for a deceleration signal.
Preliminary results were obtained using a just-noticeable difference experiment and a magnitude
estimation experiment. These results were then used to run an experiment of absolute judgment.
The results showed that no more than three frequencies can be expected to be discriminable on
an absolute judgment basis over a range of frequencies of about 1-9 Hz. The three discrete
frequencies suggested by the results of all three experiments would be approximately 1.0, 2.5,
and 6.5 Hz. Based on these results, Mortimer concluded that the use of more than three flash
rates, or the use of a continuously varying flash rate, would not provide any additional
information to the following drivers than would the use of these three frequencies.

Task 4 involved the subjective evaluation of the deceleration signals. Two experiments were
run. The first experiment was run in the daytime. Four subjects rode in a car following the lead
car, which was outfitted with programmable rear lighting allowing 21 deceleration signals to be
displayed on the rear of the lead car, in addition to the normal brake lights. Subjects rated their
perception of each signal’s effectiveness during the course of this on-road experiment. It should
be noted that one of the signals was effectively a CHMSL, and provided no information about
deceleration. Results showed that varying both the number of lamps and the flash rate was
thought by the subjects to provide the most information about deceleration, with number coding
being the preferred coding scheme (number coding refers to using a larger number of lamps to
represent greater deceleration). Intensity coding was also perceived positively when very high
intensities were used. The results led to the conclusion that not more than two levels of
deceleration should be coded.

The second experiment of Task 4 was similar to the first, except that it was run both in the day
and at night, 26 deceleration signals were tested (again, with a CHMSL as one of the signals),
and the dependent measures were the subjects’ rating of: 1) the attention-getting quality of the
signal; 2) the information provided as to the magnitude of deceleration; and 3) how
distinguishable the signal was from other signals. A number of results were obtained:

e A combination of color and flash coding was rated the highest.
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e Number coding alone was the next most effective coding scheme.

e For single lamp systems, combined flash and intensity coding was most effective,
followed by flash coding alone.

e High intensity systems were rated higher than low intensity systems, and there were
fewer complaints than expected regarding glare from the high intensity systems.

e Intensity coding alone was not judged to be an effective coding scheme.

e The CHMSL-type system (remember that this experiment was run during the pre-
CHMSL era) did not provide an increase in deceleration signal effectiveness, but it made
the brake signal more distinguishable.

e Day and night rankings of the systems were similar (the nighttime signals were reduced
in intensity by 30% using filters). The systems were perceived as more effective at night.

Based on the results of the Task 4 experiments, six configurations were chosen for more
extensive on-road testing. One was the conventional rear-lighting system, one was the CHMSL,
and the other four were single lamp systems using a combination of flashing and steady burning
lamps activated at different deceleration forces (criterion levels were 0.1g, 0.2g, and 0.3g). Two
of the systems used two different flash rates (3Hz and SHz) while one only flashed at 3Hz above
0.2g, and the other used a linearly increasing flash rate depending on deceleration. Note that
although the earlier tasks had shown that number coding was the most effective coding
mechanism, it was decided to drop number coding from consideration due to cost and power
supply constraints. Thus all systems tested in Task 4 and beyond were single lamp systems, in
the center high-mounted position, and red in color.

The fifth task was a car-following and subjective evaluation of braking deceleration magnitude,
evaluating the six signals selected in Task 4. Fourteen subjects were used in on-road tests in
daylight. The independent variables included lighting condition (seven levels, the six described
above as well as a no-signal condition) and deceleration level of the lead vehicle (0.15g, 0.25g,
and 0.35g). There were numerous dependent variables, including objective measures such as
brake reaction time and maximum reduction in headway, as well as subjective measures such as
impressions of brightness, distraction potential, and alerting potential. The findings showed that
there were only minor differences in the manner in which drivers responded to the deceleration
levels of the lead vehicle with the different signaling configurations. The study also
demonstrated that conventional brake lamps provide a significant advantage over no signals (this
hypothesis had not been tested before this study). The study also showed that drivers were not
aided to any great degree by any of the deceleration signals based on the measures of driver
performance used.

Task 6 was the selection of five configurations for full-scale field testing based on the results of
all tasks completed up to that point. The systems selected were as follows: 1) the standard rear-
lighting system (pre-CHMSL); 2) the CHMSL (though it was not called that at this time); 3) a
CHMSL that would flash at 2.5Hz during braking (the basic flashing CHMSL suggested so often
over the years); 4) a flash coded CHMSL with three flash rates that would burn steadily from
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0.0g to 0.1g; and 5) a flash coded CHMSL with four flash rates that would also flash at 0.0g to
0.1g. Through paired comparisons of the lights, this combination of signals addressed most of
the unanswered questions arising from the Voevodsky fleet test: the effect of an added brake
lamp, the effect of a flashing an added brake lamp, and the effect of flash coding the third lamp
based on deceleration level.

The seventh and final task for this phase of the project was an analysis of the braking
deceleration distributions for urban environments (motor pool and taxi cabs). For this task, a
number of taxi cabs and motor pool cars operating in urban environments were fitted with
deceleration detectors which were designed to count the number of decelerations within various
ranges. There were two purposes for this study: to see whether these vehicles were appropriate
for fleet testing, and to test the devices that would be used to activate the deceleration coded
lamps in fleet testing. Based on the distribution of decelerations, the taxi cabs and motor pool
vehicles were deemed appropriate for fleet testing, and the devices were found to work as
intended, with periodic calibration.

In a follow-up report, Mortimer (1981) described the procedures and results for the fleet testing
of the lamps selected in Mortimer (1979). For unspecified reasons, the five light configurations
chosen in Task 6 of the first report were reduced to three for the fleet testing: 1) a flashing
CHMSL (2.5Hz whenever the brakes were applied); 2) a deceleration dependent flash coded
signal with four levels of flashing; and 3) a steady burning CHMSL. Even though this was a
smaller set of signals than proposed in the previous report, through paired comparisons of the
lights, this combination of signals addressed most of the unanswered questions arising from the
Voevodsky fleet test: the effect of an added brake lamp, the effect of a flashing an added brake
lamp, and the effect of flash coding the third lamp based on deceleration level. The lights were
mounted on over 600 taxicabs in San Francisco and Sacramento and tested for about one year,
during which time almost 41 million miles were accumulated by the vehicles. There was no
control group of cabs (the cabs equipped with the new signals were not compared to cabs with
ordinary brake lights). Thus the purpose of the study was simply to compare these three
experimental brake signals.

Results showed that the CHMSL had a lower crash rate (4.4 rear end crashes per million miles
driven), followed by the flashing CHMSL (4.9 per million miles), and the deceleration coded
lamp (5.2 per million miles). These differences did not reach statistical significance. Most
vehicles (78%) were stopped in traffic when rear-ended, while 22% were stopping, either slowly
or quickly. Only a small subset of the crashes occurred when the cab was decelerating quickly.
Mortimer concluded that a stopped or slowly moving vehicle signal would be more effective
than a deceleration signal for preventing rear-end crashes. Mortimer also concluded that most of
the reduction in rear-end crashes reported by Voevodsky was due to the mere presence of a third
brake lamp, regardless of color, flashing, mounting position, or intensity.

Attwood (1976) performed a high-level summary of rear-lighting research in the late 1960s and
early 1970s, focusing on those studies that examined the use of color and functional separation.
Functional separation refers to having the brake lights separated from the turn signal and
presence lamps in order that the brake lights are not confused with or overridden by the other
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signals. Attwood’s report is basically a literature review of many of the same reports
summarized here.

Rear-signaling Efforts for Commercial Trucks and Transit Buses

Recent government efforts have focused on improving the rear-signaling for transit buses under a
Federal Transit Administration IVI program. These projects are still in their early phases, and
also include efforts to reduce side and frontal impacts to transit buses. Some of the efforts focus
on rear-lighting, while others focus on in-vehicle collision avoidance warning systems. The
work is being carried out by various research organizations around the country. Although much
of the work is still in the preliminary phases and is not yet published, the work that has been
published to date will be described briefly here.

California Partners for Advanced Transit and Highways (California PATH) and UC Berkeley are
conducting work that will lead to algorithms for frontal collision avoidance warning systems
(Chan, Zhou, Wang, and Zhang, 2001). Carnegie Mellon University is devoting effort to
developing side collision warning systems for transit buses (McNeil, Thorpe, and Mertz, 2000;
Mertz, McNeil, and Thorpe, 2000; and Duggins, McNeil, Mertz, Thorpe, and Yata, 2001). This
work has progressed to the point of problem description and the development of functional goals.
Foster-Miller is developing the driver/vehicle interface for a longitudinal and lateral collision
avoidance system (Everson, 2000; Reinach and Everson, 2001). The transit bus research most
closely aligned with the current project is being performed by Veridian, which is developing a
bus-mounted light bar to warn of an imminent rear-end collision (Cohn, 2001). This light bar
reportedly uses amber lenses and has several operational modes such as flashing and sequential
illumination. Knowledge of the Veridian work is limited to an internal memo provided by the
project sponsor, and no published reports were found in the literature.

One effort towards improving the conspicuity of commercial truck trailers also deserves
mention. Heavy trailers manufactured after December 1, 1993 were required to be equipped
with red and white retroreflective tape or reflex reflectors. As study by Morgan (2001) showed
these passive markings to be highly effective at preventing side and rear impact crashes in dark
conditions (reductions in the range of 29-41% were reported). The tape apparently alerts other
drivers to the presence, size, and shape of the trailer, thus providing drivers with additional time
to react to the trailer. This study demonstrates that a relatively simple design change which
provides enhanced attention-getting properties has the potential to significantly reduce crashes.

Design Guidelines

Several of the research efforts conducted in the 1960s began with the development of guidelines
for the design of rear-signaling systems. The design guidelines developed were similar for most
of these studies; however, each study also contributed unique guidelines. Table 10 provides a
synopsis of these guidelines with details about which studies were in agreement with each
guideline. (Note that the Moore and Rumar 1999 report is also included in Table 10, as it also
included a set of design guidelines.)
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Table 10. Design guidelines from five key design and evaluation studies of rear-signaling
systems. (* indicates agreement with guideline. A blank indicates either disagreement or
the guideline was not evaluated)

DESIGN GUIDELINE:

Case et
al.
(1968)

Nickerson
et al.
(1968)

Projector,

Cook, &

Peterson
(1969)

Finch &
Horning
(1968)

Moore
&
Rumar
(1999)

Standardization is imperative.

Redundancy is desirable.

*

k

Signals must not be ambiguous.

Natural sources of information should be
preserved.

¥ X[ *®| *

K| ¥| ®| %

Directional signals should be different
color than brake signals.

Color coding should be used.

Red should be used for braking.

Signals must be large, bold, and simple.

Other coding dimensions (position,
number, intensity, flash rate, shape,
area) should be used.

¥ ¥ *| *

Signals must be reliable.

Signals must have a favorable signal-to-
noise ratio/two levels of intensity.

Signals must observe a hierarchy of
criticality.

Public’s preconditioning and risk
compensation must be taken into
account.

Braking and stopped vehicle signals
should be different.

International harmonization of
regulations should be attempted.

Eliminate license plate lamps.

Reduce exposure to dirt and corrosion.

Eliminate drivers’ misuse of signals.

*| %[ *®| *

Teach proper car following behavior.

Turn signals should be visible from the
side.

System must be economical to produce.

Running lights should be used in the
daytime.

Critical signals should be high on the
vehicle.

Rear-signal system should provide both
vertical and horizont